The background of basic conceptions underlying this paper is familiar to everyone by experience. The powerful automobile, when the light turns from red to green, can make a "jack-rabbit start" which leaves the less powerful cars far behind. If the engine of the big car is weakened, as by a cylinder gone dead, it can still do 50 miles per hour on the parkway and get you to your destination, but the jack-rabbit start is no longer possible. The first sign of weakness manifests itself more conspicuously in differences in acceleration than in differences in speed or in the distance that can be traveled; indeed the effect on acceleration may be the only manifestation of weakness. There is every reason to expect that this analogy would hold for the cardiac performance also and that the first sign of a weakening myocardium might well manifest itself by a change in acceleration of the ejected blood. This paper is chiefly concerned with the development of a simple method, available to clinicians, which would aid in the detection of changes in the acceleration of the aortic blood. This opportunity has also been used to answer certain criticisms of our previously published work, some, we believe, due to misunderstanding of the mathematical background of statistical procedures, and others due to a frank difference of opinion concerning the accuracy of the Fiek method used to test the results secured by one of our formulas published previously.
T HAT knowledge of the stroke volume alone would never permit one properly to define the heart 's dynamic performance was first borne in on me by experience, rather than deduced from theory. In the early days of our work on cadavers, when we were simulating systole by pushing in the syringe plunger by hand, it proved easy to produce an injection velocity curve that reached its maximum late in systole. But to simulate the action of a normal heart, and so obtain a normal pressure pulse, we found it necessary to produce an injection velocity curve reaching its maximum early in systole, and this often took more strength than our arms possessed. Thus, pairs of experiments could be found in which the stroke volume and the duration of ejection were the same, but the muscular effort put forth to secure this same From the Department of Therapeutic Research of the Medical School of the University of Pennsylvania, Philadelphia, Pa. Supported by research grant H625 C( [1] [2] [3] [4] [5] [6] [7] [8] from the National Heart Institute of the National Institutes of Health, U. S. Public Health Service. 589 stroke volume was altogether different. Ob- viously, therefore, the stroke volume itself will not accurately define the muscular effort made by the heart in producing it. This idea has long been familiar to the physicists and their general description of a movement is as follows:
mx" + bx' + cx = F, (A) when x represents the displacement, x' the velocity and x" the acceleration of the movement, and F the force which brings about the movement. When this reasoning is applied to movement of blood into the aorta, the term cx corresponds to the displacement of stroke volume; the term bx', to the aspects associated with the velocity of flowing blood, such as the friction; and mx", to the aspects associated with the acceleration of this blood, that is, with the inertial forces. These 3 aspects of the movement are distinct from one another, but each is a function of time and they are mathematically related to one another through the calculus and by various constants.interest ourselves in the aspects having to do with velocity and acceleration of the ejected blood, aspects which I will call the heart's higher dynamic functions.
In a previous communication' the close relation between pulse pressure and the work performed on the aortic blood was described. This relationship is a demonstration of a most reasonable expectation: that the maximum gain in potential energy in the aorta is proportional to the work done on the aortic blood. With this conception as background we have sought for other important relationships between various aspects of the pulse wave and those aspects of the cardiac functions that could logically be expected to correspond.
Another type of clinical method for estimating the heart's higher dynamic functions has already been widely studied. [2] [3] [4] Highfrequency ballistocardiographs, recording displacement, give records related to the resultant of the cardiac forces, represented in the acceleration term in the left side of equation (A), as do ultra-low-frequency ballistocardiographs when acceleration is recorded. Records from ultra-low-frequency instruments when velocity is recorded, and when displacement is recorded, have also excited interest.4 Thus we have a single record, the ballistocardiogram, which, when integrated (or differentiated) once or twice, yields records giving information about different aspects of the heart's activity. Work of this type has been much facilitated by the development of electric circuits that will integrate or differentiate the signal given them.
The same type of reasoning leads one to expect that integration or differentiation of the pulse record would likewise yield information about different aspects of cardiodynamic function. This could be done electrically, but we have preferred to commence such a study by means more readily available and more familiar to clinicians, and so we have used certain aspects of the pulse records usually secured and have explored the relationship between 4 of these and the 3 aspects of cardiac function represented by the 3 terms on the left side of equation (A). STARR 
MATERIAL AND METHODS
The technic of the cadaver experiments themselves has been described.5'6 Optical records of aortic and femoral blood pressure, secured by Lilly capacitance manometers, connected to small catheters inserted into the artery through a needle, were available for each simulated systole, as were continuous curves of the ejections that simulated cardiac function.
Data secured in 51 or 52 simulated systoles on 6 subjects perfused with blood were used to study all the relationships of present interest. These data have been published.6 In addition, the relationships that proved most interesting in the cadavers perfused with blood were also studied in the results secured in subjects perfused with water; the data analyzed for this purpose were derived from the same subjects as were used in a preceding study,1 except L. E. and V. S., who were omitted because in these 2 early experiments the film had been run too slowly to permit accurate estimates of the slopes. After omission of these experiments 75 simulated systoles in 8 subjects remained, a sample in which the stroke volumes ranged from 8 to 71 ml., the blood pressures from 237/119 to 61/26 mm. Hg, the pulse wave velocities from 2.3 to 14.3 M. per second, an excellent diversity for statistical analysis.
From data secured in these experiments we measured 3 dynamic functions analogous to those pertaining to the heart as follows. The stroke volume was measured directly from the syringe used to simulate systole. The work performed on the aortic blood had been calculated by Dr. Walter Feder in the manner that has been described in detail.' Unfortunately, calculation of the cardiac forces, as the product of mass and acceleration, proved to be beyond us, for, although we could estimate the curve of linear acceleration of the ejected blood by twice differentiating the record of cardiac ejection, we were unable to estimate the mass concerned at each instant. We could, however, use pressure, just as pressure is used in the conventional estimations of the work of the heart found in textbooks of physiology. Indeed this seemed to have advantages. The contracting heart is concerned with applying pressure against the blood in contact with its walls, and whether the peripheral factor in this pressure is due to the inertia of a large mass of blood accelerated against slight resistance, or to the movement of a small mass of blood against great peripheral resistance, is somehow immaterial to the heart. usually strong correlation with both pulse pressure and the maximum slope of the pulse wave's front. In the data from subjects perfused with water the correlation between the product of pressure and acceleration and the maximum slope of the pulse wave's front is clearly better than that with pulse pressure (table 4). One also notes that correlations between the aspects of the pulse studied and stroke volume are considerably poorer than those between the same aspects and the higher cardiac functions. The pulse, as the clinician knows it, is much more closely related to the higher cardiac functions than to stroke volume. Relations Between the Pulse and the Acceler- ation Function The product of mean aortic pressure and the maximum velocity of cardiac ejection correlates extremely well with the maximum slope of the peripheral pulse wave front in cadavers perfused with blood. The dot diagram is shown as figure 3 and the regression equation is given in table 4. The same relation in data from cadavers perfused with water is also given in table 4. The latter correlation is not so good as the former; nevertheless the relation is still a highly significant one. And it should be emphasized that this relation holds despite great differences in the size, elasticity, and tortuosity of the aortas of our subjects. Obviously, from knowledge of the steepness of the pulse wave front and of the blood pressure, one could make a reasonably good estimate of the acceleration component of cardiac function. This finding is in accord with the conception of the acceleration tran- sient of the pulse as set forth by Peterson.9 However, it must be emphasized that the direct quantitative relation between the maximum slope of the peripheral pulse and the maximum velocity of the aortic blood is poor. The addition of another factor, the height of the mean blood pressure in the example just given, is necessary before the relation becomes a good one. Accordingly, we sought other "additional factors" that might have a similar beneficial effect. Substituting pulse wave velocity for mean pressure gave highly significant correlations (table 5) , but substituting stroke volume or body weight gave dot diagrams showing so much scatter that no calculations were made. Apparently factors related to aortic elasticity are much more effective in improving the relationship than those related to the mass ejected. Since blood is pushed on ahead of the mass ejected, the latter bears no close relation to the mass moved at any instant, and so it cannot be properly used to calculate force or work.
Suggestions for Improving Estimates of Cardiac Output from the Pulse A second logical deduction from our findings implies a constructive criticism of the large group of cardiac output methods based on the pulse pressure, among them certain of my own.10 Undoubtedly it is the ease of making the measurement that has led to the almost universal use of the pulse pressure as a starting place for methods of estimating cardiac stroke volume from the pulse. But since pulse pressure is directly related to work rather than to output,' and since work and output are primarily related through the cal- figure 2 . The well-known change of contour of the pulse as it passes to the periphery affects the altitude of the wave much more than the area, so it seemed well worthwhile to ascertain how well this same area of the peripheral pulse correlated with stroke volume in our experiments, and how various measurements associated with the pressure and with the elasticity of the vessels could be best employed to improve the relationship. That the adjusted area correlates better with stroke volume than does the full systolic area of the peripheral pulse curve is shown by the correlation coefficients recorded in table 1. The results of the rest of this study are given in table 6. Use of the pulse wave velocity, as the measure of vascular elasticity, provides a somewhat better estimate of stroke volume than does the mean pressure. Taking the square root causes a further slight improvement in the estimate; it also brings the regression line very close to the origin. Figure 4 shows the dot diagram of the data secured on subjects perfused with blood; in the data from subjects perfused with water the relation is equally good. No theoretical explanation of why taking the square root improves the estimate has occurred to usindeed the improvement is too small to be statistically significant-but this is the best simple regression for the estimation of stroke volume that we have found in our data and the fact that it works so well in both the subjects perfused with blood and those perfused with water suggests that the relationship is an important one.
By Perhaps confusion has been caused by the use of the superlative adjective "best" in the term "best line." The mathematical facts are as follows. If a dot diagram shows that the data to be analyzed are distributed about a curve, the least-squares principle will indeed determine the best straight line for that particular body of data; but a line with a smaller scatter of the data around it-a better "best" line-could perhaps be secured by taking some power or root of one of the coordinates to straighten the curvature before the regression was calculated. And by such treatment a better method of estimating one variable from the other might be found. We have so treated our data whenever inspection of our dot diagrams suggested that the scatter would be improved by such treatment. Aside from this suggestion, the authors' idea that a linear relation between stroke volume and age is an "important requisite" to our analysis has no basis that we can discover.
A second criticism of our statistical pro- The results they secured by using our formula no. 59,10 compared with Fick estimates, indicate to them that our method has "an error of 24 ml., rather than one of 5.9 ml.," the latter figure being the standard deviation about Certain errors inherent in the Fick method have already been discussed12 and I shall confine myself here to bringing the matter up to date. These errors are best considered as falling into 5 groups: (1) the errors of blood sampling due to lack of mixing in the vessels, and the technical errors of blood gas analysis, (2) those inherent in estimating the metabolic rate (how large these may be is within the experience of most clinicians), (3) those due to faulty time relations between the samples, (4) those due to the metabolism in the lungs, and (5) the changes in the circulation itself, induced by the anxieties and discomforts of the procedure or to the sedatives so often used to diminish these rigors, or to the fluid injected to keep the catheter open. The errors of the fifth group do not concern us in this discussion. It has always been very difficult to give a value to these numerous sources of error; when studied individually any one of them may at times appear small, but it is their sum that concerns us.
The by Reubi and Schmid, 20 and in another by Brotmacher,22 the thought that there might be an error in Fick estimates apparently never occurred to the authors, for they neither mention it, nor make any effort to determine its size in their results, nor hesitate to assign every difference to errors in the methods they are comparing with the Fick. Therefore we regard the data given by these authors not as indicating the difference between a perfect method and a very poor one, but simply as showing the relations to be expected between 2 rough methods. 'We have always insisted that our method was a rough one and we have no expectation that in practice the error will be represented by a standard deviation as small as 5.9 ml., which was the minimum value for a particular body of selected data. In the same paper, testing our method against data other than that from which the regression equation no. 59 was derived, we got larger standard deviations, 7.6 ml. and 10 ml., as was to be expected. Despite this scatter, the method seems accurate enough to permit the first quantitative step, that of dividing the field into 3 groups, the normal, above normal, and below normal. When dealing with changes in individuals one could expect to do better than this. And surely our goal should be a method that is simple, easy, and inexpensive to apply and that causes neither discomfort nor hazard to the subject. But It is also self-evident that an abnormal narrowing of the aortic orifice would require more effort by the heart to produce a normal pulse in the aorta, and if such an abnormality was present, allowance should be made for it in any estimate of cardiac function from the pulse. Also, pulse methods give no information about the energy expended by the heart when the aortic valve is closed, or of that lost within the heart's walls.
The final point is concerned with a more complex problem. The internal area over which pressure is raised is a factor in the amount of energy required to raise it. So an abnormally enlarged ventricle is subject to a greater stress than a ventricle of normal size to produce a normal pulse in the aorta. Since clinicians can ascertain, in a rough way, the size of the ventricles of their patients, some allowance might be made for this factor when one attempts to assess the strength or weakness of an enlarged heart from observations made on the peripheral pulse. SUMMARY A theory, based on well-known physical principles, is developed; it indicates that full description of the heart's dynamic activity, and so of its strength or weakness, requires knowledge of aspects related to the velocity and acceleration of the ejected blood, in ad- dition to the stroke volume.
In data secured from simulating systole in cadavers different aspects of the peripheral pulse wave best reflect these different aspects of the heart's dynamic performance; thus the area under the pulse wave-especially what we have called the adjusted systolic area-is most closely related to the stroke volume; the altitude of the pulse wave-the pulse pressure -to the work performed, a function related to the velocity of the ejected blood; the maximum slope of the pulse wave front, to the product of the acceleration of the ejected blood and the mean pressure.
The direct relationships between the volume, velocity, and acceleration of the ejected blood and the corresponding aspects of the pulse are very poor. They become good relationships only when another factor, such as the mean blood pressure or the pulse wave velocity, is taken into account.
The maximum steepness of the pulse wave 's front and the mean peripheral blood pressure provide a clinical method of obtaining information concerning those higher cardiac dynamic functions related to acceleration of the blood, which should serve as an important indicator of the strength or weakness of the heart's contraction.
This study has also led to several suggestions for improving the estimation of stroke volume from the peripheral pulse.
Opportunity is taken to answer certain criticisms concerned both with our statistical procedures and with the accuracy of certain stroke volume methods published previously. The 
